Cervical cancer is the second leading cause of cancer-related mortalities in women worldwide ([@bib17]). Epidemiological studies have shown that persistent infection by specific types of human papilloma viruses (HPVs), such as type 16 and 18, is a causal agent for human cervical cancer ([@bib2]). The transforming activity of HPVs is dependent on functions of two viral oncoproteins, E6 and E7, both of which are consistently expressed in cervical tumours. The E6 protein leads to the rapid ubiquitination and degradation of p53 tumour suppressor, which consequently deregulates the p53 transcriptional pathway ([@bib38]). In contrast, the E7 protein targets and inactivates the retinoblastoma protein (Rb), resulting in the release of active E2F and the activation of E2F target genes ([@bib15]). Although disruption of the p53 and pRb pathways by the E6 and E7 proteins, respectively, contributes to the transforming capacity of HPVs, the precise regulatory pathways downstream of these two tumour suppressors remain elusive in cervical cancer. To identify novel potential downstream genes for HPVE7, we analysed four publicly available microarray data sets ([@bib11]; [@bib33]; [@bib29]; [@bib18]) and detected a set of overlap genes whose mRNA expression upregulated at least two-fold in cervical cancer tissue and cell lines in these data sets. Then we searched the DNA sequence upstream of these genes for the core binding sequence for E2F with TFSEARCH (ver.1.3) program. RRM2, encoding the ribonucleotide reductase small subunit M2, is one of the above genes shown to be significantly upregulated and contains two putative E2F-binding sites within its promoter region, which suggested that RRM2 might be a potential target activated by the HPVE7. The RRM2 protein is a component of ribonucleotide reductase (RNR), a key enzyme that reduces ribonucleoside diphosphate (NDP) to deoxyribonucleoside diphosphate (dNDP), and is required for DNA synthesis ([@bib26]). It is well known that RNR activity is positively correlated with cancer cell division ([@bib8]). A substantial body of evidences demonstrated that RRM2 was tightly linked to the biological behaviour of cancers. For example, overexpression of RRM2 correlated with cellular invasiveness, metastasis, tumour angiogenesis and poor patient outcome ([@bib43]; [@bib41]; [@bib23]). However, the malignant phenotypes caused by a high level of RRM2 expression might be independent of RNR activity for the following reason. Similar to RRM2, overexpression of RRM1 (also a subunit of RNR) resulted in enhanced RNR activity and increased dNDP synthesis. However, in contrast to overexpression of RRM2, overexpression of RRM1 inhibited the invasive and metastatic potential of tumours ([@bib12]). Thus, there was no correlation between the level of RNR activity and tumour malignant phenotypes, and RRM2 may have a critical role in tumour progression beyond its capacity of dNDP production.

The characteristics of RRM2 to promote tumour progression are tightly associated with its capability to induce activities of a variety of oncogenes, including those encoding NF-*κ*B, c-myc, v-fes and ornithine decarboxylase ([@bib9]; [@bib6]). The mechanisms by which RRM2 regulates the function of these oncogenes remains unknown. As RRM2 contains a dinuclear iron center, which can produce a tyrosyl free radical transmitted to RRM1 for dNDP synthesis, its overexpression may result in increased radical generation and formation of reactive oxygen species (ROS). This hypothesis was partly supported by an *in vitro* study, which showed that recombinant human RRM2 protein had a pro-oxidant potential to oxidise carboxy-H2DCF ([@bib40]). ROS has a critical role in tumour growth, metastasis and angiogenesis ([@bib39]; [@bib21]), and induces activation of mitogen-activated protein kinases, NF-κB and activator protein 1 ([@bib34]; [@bib5]; [@bib36]), which are related to tumour progression. However, it is unclear whether ROS is involved in a malignancy potential mediated by RRM2. In the present study, we found that RRM2 was a novel downstream target activated by HPVE7, and promoted angiogenesis by producing ROS, activating the ERK1/2 signalling pathway and inducing expression of HIF-1*α* and VEGF, leading to cervical angiogenesis and carcinogenesis. These findings identify a novel HPV E7-RRM2-ROS-ERK-VEGF pathway involved in HPV-associated cervical cancer development.

Materials and Methods
=====================

Patient samples, cell culture and reagents
------------------------------------------

Human cervical cancer samples were collected from sixty patients diagnosed with invasive squamous cell cancer, undergoing resection of cervical cancer with an average age of 49±8.7 years. This study was approved by local institutional review boards on human subject research and in accordance with the Declaration of Helsinki. Written informed consents were obtained from all study participants. Human cervical cancer cell lines (HeLa, CaSki and C33A) and breast cancer cell line (MCF-7) were obtained from Chinese Center for Type Culture Collection (Wuhan, China) and grown in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum (FBS, Gibco Life Technologies, Gaithersburg, MD, USA) in a humidified incubator with 5% CO2 at 37 °C. The mouse monoclonal antibodies against RRM2 and HIF-1*α* were purchased from Epitomics (Burlingame, CA, USA). Rabbit antibodies against phospho-ERK1/2 (Thr202/Tyr204), total-ERK1/2 and GAPDH, and U0126 (MEK1/2 Inhibitor) were obtained from Cell Signalling Technology (Beverly, MA, USA). Goat anti-HPV18E7, anti-HPV18E6 and anti-CD31 antibodies were from Santa Cruz Biotech (Santa Cruz, CA, USA). A mouse anti-HPV16E6 antibody was from Abcam (Cambridge, MA, USA). Mouse anti-*α*-tubulin and anti-p53 antibodies were from Millipore (Billerica, MA, USA). HRP-conjugated secondary antibodies were from Sigma (St Louis, MO, USA). A complete protease inhibitor cocktail and *N*-acetylcysteine (NAC) were purchased from Roche (Indianapolis, IN, USA). Negative control (NC) siRNA were chemically synthesised from Guangzhou RioboBio (Guangzhou, Guangdong, China).

Gene silencing and overexpression
---------------------------------

Inhibition of specific gene expressions was achieved by RNA interference using a mixture of four siRNAs (ON-TARGET *plus* SMARTpool; Dharmacon, Lafayette, CO, USA). Cells were transfected with 100 n[M]{.smallcaps} siRNAs using DharmaFECT (Dharmacon) according to the manufacturer\'s instructions. For overexpression studies, cells were transfected each plasmid DNA using Lipofectamine 2000 (Life Technologies Corporation, Gaithersburg, MD, USA).

Western blot analysis
---------------------

The concentration of cell extracts was measured by a Bradford Protein Assay Kit (Beyotime). An equal amount of total protein extracts was separated by 12% SDS-PAGE and transferred to PVDF transfer membranes (Bio-Rad Laboratories, Hercules, CA, USA) and immunoblotted with various antibodies. The signals were detected by incubation with a SuperSignal West Pico Chemiluminescent detection system (Pierce Chemical Co, Rockford, IL, USA). Images were generated using a ChemiDoc XRS (Bio-Rad Laboratories), and protein band intensity was measured using Quantity One software. Three independent experiments were performed.

Quantitative real-time PCR analysis (qRT-PCR)
---------------------------------------------

Total RNA samples were extracted from cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). The RNA was converted into cDNAs using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, K1621). Real-time PCR was performed using FastStart Universal SYBR Green Master kit (Roche Diagnostics) and analysed with an Applied Biosystems 7900 Real-Time PCR System. Primer sequences were as follows:VEGF, 5′-TCGAGTACATCTTCAAGCCATCCTG-3′ and 5′-TCCTATGTGCTGGCCTTGGTGAG3′ RRM2, 5′ --TTTAGTGAGCTTAGCACAGCGGGA-3′ and 5′-AAATCTGCGTTGAAGCAGTGAGGC-3′ β-actin, 5′-CATCGTCCACCGCAAATG-3′ and 5′-CACCTTCACCGTTCCAGTT-3′ GAPDH, 5′-TGAACGGGAAGCTCACTGG-3′ and 5′-TCCACCACCCTGTTGCTGT-3′. Fold changes in expression were calculated. The data was analysed using the method of 2^−^ΔΔrelative expression quantity as described previously by us ([@bib37]; [@bib42]).

Immunohistochemistry
--------------------

Immunohistochemical staining of formaldehyde-fixed, deparaffinised tissue sections was carried out after antigen retrieval by treating the sections in a microwave oven for 10 min in 10 mmol l^−1^ citric acid (pH6.0). CERVIMAXTM IHC kit (Adriacell S.p.A.) was used for immunohistochemical detection of HPVE7 protein within cervical cancer tissue sections as described ([@bib28]; [@bib10]). To detect RRM2, CD31 and phospho-ERK1/2 within Human cervical cancer tissue sections or mouse tumour sections, the primary antibody was incubated at 4 °C overnight, and horseradish peroxidase-conjugated secondary antibody was then added. The colour reaction was developed with 330-diaminobenzidine tetrahydrochloride/0.03% H~2~O~2~, followed by counterstaining with hematoxylin.

HPVE7, RRM2 and phospho-ERK1/2 staining was evaluated as a score of percentage of positive staining cells as follows: (++), ⩾50% of cells stained; (+−), \<50% of cells stained. Microvessel count was performed on three high-power fields ( × 200) chosen within the whole-vascularised areas. Any endothelial cell or cluster of endothelial cells positive for CD31 was counted.

Luciferase assays
-----------------

A DNA fragment containing a wild-type RRM2 (−2147/+1) promoter, a mutant RRM2 promoter (deletion of −1581/−1582 and −775/−768 from −2147/+1) or a p21 (−2400/+1) promoter ([@bib7]) was separately cloned into the luciferase report vector pGL4, which generated reporter genes *pRRM2(WT)-Luc, pRRM2(MUT)-Luc* and *p21-Luc*. Each reporter was co-transfected into MCF-7 cells with pGL4-Renilla for normalisation, and other indicated expression constructs using Lipofectamine 2000. Forty-eight hours after transfection, firefly and renilla luciferase activities of cell lysates were analysed with Dual-Luciferase Reporter Assay kit (Gibco Life Technologies, Gaithersburg, MD, USA) according to the manufacturer\'s instructions. Each experiment was performed in triplicate and repeated at least three times.

Enzyme-linked immunosorbent assays
----------------------------------

The concentration of VEGF in conditioned media was determined using a human VEGF ELISA kit according to the manufacture\'s instruction (R&D Systems, Minneapolis, MN, USA). Optical densities were read by a microplate reader (Flexstation 3, Molecular Devices Corporation, Sunnyvale, CA, USA) at 405 nm. Each experiment was performed in triplicate and repeated at least three times.

Capillary tube formation assays
-------------------------------

Human umbilical vein endothelial cells (HUVECs) were obtained from Pricells (Wuhan, Hubei, China) and suspended in conditioned media and seeded on growth factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in a 96-well plate as described by [@bib35]. After 8 h of incubation, the number of mature, well-connected capillary tubes were manually counted under an inverted Nikon Eclipse Ti microscope (Nikon USA, Melville, NY, USA) and compared among different groups.

ROS detection
-------------

Intracellular ROS levels were measured using a ROS-specific fluorescent dye 5(6)-chloromethyl-2-7-dichlorodihydrofluorescence diacetate (DCFHDA, Molecular Probes, Eugene, OR, USA), followed by quantification of labelled cells by flow cytometry. Various transfected cells were treated with 10 *μ*[M]{.smallcaps} DCFHDA for 30 min at 37 °C. Stained cells were washed twice with PBS and the ROS levels were measured by using a flow cytometer (Beckman Coulter, Bohemia, NY, USA, FC500). Data from at least 50 000 cells were collected for each sample.

*In vivo* tumour angiogenesis and growth assays
-----------------------------------------------

The animal protocol for *in vivo* tumour angiogenesis and growth assays was approved by the Ethics Committee of College of Life Science and Technology at Huazhong University of Science and Technology. C33A cells were transfected with pcDNA3.1-RRM2 or pcDNA3.1 empty vector using Lipofectamine 2000. Cells with stable overexpression of RRM2 (C33A-RRM2) and a comparable control cell line (C33A-V, transfected with an empty vector) were generated by G418 selection for 14 days. Four-week-old female BALB/c nude mice (Chinese Academy of Sciences, Shanghai, China) were inoculated subcutaneously with 5 × 10^6^ C33A-RRM2 or C33A-V cells in the right flank. Five mice were used per group. Tumour growth was observed every 3 days for 32 days by measuring the two dimensional longest axis (a) and the shortest axis (b) with a caliper. At day 32, the animals were killed and tumours were excised, fixed in formalin and processed for further immunohistochemical analysis.

Statistical analysis
--------------------

All data were presented as means±s.d. for experiments performed at least three times. Student\'s *t* tests were used to analyse the differences of means between two different groups. Pearson\'s *χ*2-tests were used to compare categorical data. A *P-*value of \<0.05 was considered to be statistically significant.

Results
=======

HPVE7 regulates the expression level of RRM2 in cervical cancer cells
---------------------------------------------------------------------

To determine whether HPVE7 is the upstream activator of RRM2, we investigated RRM2 expression in cancer cells with knockdown of E6/E7 expression as an siRNA targeting to E7 may silence E6 as well ([@bib31]) or E6 expression alone by western blotting and quantitative RT-PCR analyses. As shown in [Figure 1A and B](#fig1){ref-type="fig"}, the RRM2 protein level was significantly downregulated by knockdown of E6/E7 expression in either HeLa or CaSki cells, but not by knockdown of E6 alone. As a control, p53 protein showed strong upregulation as expected for knockdown of E6 expression. Similarly, knockdown of E6*/*E7, but not E6 alone, significantly inhibited expression of the RRM2 mRNA ([Figure 1A and B](#fig1){ref-type="fig"}). These results suggest that HPVE7 regulates expression of RRM2. To further establish the finding that HPVE7 regulates RRM2 expression, we transiently transfected HPV-negative C33A cervical cancer cells with an expression plasmid for E7 (pcDNA3.1E7) or E6 (pcDNA3.1E6). Analysis of RRM2 protein and mRNA expression showed that overexpression of E7, but not of E6, significantly enhanced RRM2 expression ([Figure 1C](#fig1){ref-type="fig"}).

To provide *in vivo* evidence that HPVE7 regulates expression of RRM2, we examined the expression levels of HPVE7 using the CERVIMAXTM IHC kit, which contains a mixture of highly purified monoclonal antibodies against those high-risk E7 proteins and RRM2 in sixty human primary cervical cancer specimens by immunohistochemical (IHC) staining. We found that the expression level of RRM2 was high in 31 of 38 specimens with high HPVE7 expression, but only in 5 of 22 specimens with low HPVE7 expression (*P*\<0.01) ([Figure 1D](#fig1){ref-type="fig"}). The IHC data suggest a significant positive correlation between HPVE7 and RRM2 expression levels in cervical cancer. Together, these data indicate that RRM2 represents a novel target gene that is upregulated by HPVE7 in cervical cancer.

Regulation of RRM2 by HPVE7 is on the transcriptional level
-----------------------------------------------------------

As two highly conserved E2F-binding sites were identified within RRM2 promoter ([Figure 2A](#fig2){ref-type="fig"}), we investigated whether HPVE7 directly activates transcription of RRM2. We co-transfected a RRM2 promoter-controlled luciferase reporter gene and an expression plasmid for either HPV16E7 or HPV18E7 in MCF-7 cells. Luciferase assays showed that overexpression of both HPV16E7 and HPV18E7 proteins resulted in transcriptional activation of the RRM2 promoter ([Figure 2B](#fig2){ref-type="fig"}). In contrast, overexpression of either HPV16E6 or HPV18E6 did not affect RRM2 promoter activity. As expected, both HPV16E6 and HPV18E6 significantly inhibited the activity of the p21 promoter, which is a transcriptional target for p53 ([Figure 2C](#fig2){ref-type="fig"}). These data indicate that high-risk HPVE7 specifically had a critical role in transcriptional activation of the RRM2 promoter.

As the ability of HPVE7 to bind to and inactivate pRb contributes to E7-mediated oncogenesis in the cervix ([@bib3]), we investigated whether E7-mediated activation of the RRM2 promoter was mediated by repression of pRb. We assessed whether a pRb-binding-deficient HPVE7 protein ([@bib16]) was unable to transactivate the RRM2 promoter. The mutant HPVE7 protein failed to transactivate the RRM2 promoter ([Figure 2D](#fig2){ref-type="fig"}), suggesting that interaction between HPVE7 and pRB is essential for transcriptional activation of RRM2. To further determine the requirement of E2F sites for HPVE7-induced RRM2 promoter activity, we explored the effect of HPVE7 on a mutant RRM2 promoter luciferase reporter with the putative E2F-binding sites deleted. The mutant RRM2 promoter failed to elicit a response to HPVE7 ([Figure 2E and F](#fig2){ref-type="fig"}). Together, these data indicate that HPVE7 upregulates RRM2 transcription through interaction with pRb and direct binding of E2F to the RRM2 promoter region.

HPVE7-induced RRM2 expression upregulates VEGF expression in cervical cancer
----------------------------------------------------------------------------

Having established that RRM2 is a novel downstream target of HPVE7, we next investigated whether RRM2 is involved in HPVE7-mediated cervical carcinogenesis. Cervical cancer angiogenesis has been correlated with tumour progression and metastasis ([@bib20]; [@bib22]). RRM2 has recently been suggested to promote tumour angiogenesis by upregulating VEGF expression in oropharyngeal carcinoma cells. We hypothesised that RRM2 also regulated VEGF expression in cervical cancer cells. We measured the level of secreted VEGF by ELISA in C33A and HeLa cells. Transient overexpression of RRM2 by transfection led to a significant increase in VEGF secretion in the conditioned media from both cell lines compared with mock-transfection control or control transfection with an empty vector ([Figure 3A](#fig3){ref-type="fig"}). The results were further supported by quantitative real-time RT-PCR analysis, which showed that overexpression of RRM2 significantly increased the expression level of the VEGF mRNA as compared with controls ([Figure 3A](#fig3){ref-type="fig"}). To determine whether RRM2-mediated upregulation of VEGF expression is further regulated by HPVE7, C33A cells were transfected with a HPV16E7 expression construct, followed by co-transfection with a RRM2 siRNA or a control siRNA. HPVE7-induced elevation of RRM2 protein expression was partially inhibited by co-transfection with the RRM2 siRNA but not by the control siRNA (data not shown). The increased VEGF protein secretion and mRNA expression by HPV16 E7 (siNC+E7) were significantly inhibited by co-transfection with the RRM2 siRNA (siRRM2+E7) to a level without HPVE7 overexpression (siRRM2+Vector) ([Figure 3B](#fig3){ref-type="fig"}). Knockdown of HPVE7 expression by an E7-specific siRNA led to significantly decreased VEGF protein secretion and VEGF mRNA expression compared with a control siRNA (siE7+Vector *vs* siNC, [Figure 3C](#fig3){ref-type="fig"}). In contrast, decreased VEGF protein secretion and mRNA expression caused by HPVE7 knockdown were significantly reversed by co-transfection with a RRM2 expression construct compared with empty vector control in HeLa cells ([Figure 3C](#fig3){ref-type="fig"}). These results suggest that RRM2 mediates HPVE7-induced upregulation of VEGF expression.

RRM2 mediates capillary tube formation induced by expression of HPVE7 in cervical cancer cells
----------------------------------------------------------------------------------------------

Because HPVE7 induces upregulation of VEGF expression by increasing RRM2 expression, we characterised the functional role of HPVE7 and RRM2 in cervical cancer angiogenesis using an *in vitro* matrigel-based capillary tube formation assay by HUVECs. As shown in [Figure 4A](#fig4){ref-type="fig"}, HUVECs formed significantly more mature, well-connected tubes in conditioned media from C33A cells with overexpression of HPV16E7 compared with mock-transfection control. Increased HUVECs tube formation by overexpression of HPVE7 was significantly abrogated by co-transfection with a RRM2-specific siRNA compared with a control siRNA ([Figure 4A](#fig4){ref-type="fig"}). These data suggest that RRM2 mediates HPVE7-induced HUVEC capillary tube formation. To confirm the role of VEGF in RRM2-regulated cervical cancer cell angiogenesis, we performed a VEGF-blocking assay. HUVECs formed significantly more capillary tubes in conditioned media from C33A cells with overexpression of RRM2 (compare RRM2 to Cont), but the effect was abrogated by incubation with a sufficient amount of VEGF antibody (compare anti-VEGF+RRM2 to IgG+RRM2) ([Figure 4B](#fig4){ref-type="fig"}). These data suggest that RRM2 induced cervical cancer angiogenesis is mediated at least partly by VEGF.

RRM2 expression correlates with microvessel densities in cervical cancer
------------------------------------------------------------------------

Because the results above indicate that RRM2 positively regulates cervical cancer angiogenesis *in vitro*, we next investigated human primary tumours to determine whether there was any correlation between RRM2 expression and microvessel formation in cervical cancer specimens *in vivo*. The sections from 60 cervical cancer samples were subjected to immunohistochemical analysis for RRM2 expression and microvessel densities. On the basis of the expression level of RRM2, we divided the 60 cervical cancer samples into two groups. Among 60 samples, 60% showed strong expression of RRM2, whereas 40% displayed weak expression of RRM2. The tumour sections were stained with an anti-CD31 antibody, and the number of CD31-positive signals per area in each section was counted. As shown in [Figure 4C](#fig4){ref-type="fig"}, the density of CD31 vessels was significantly higher in the group with strong RRM2 expression than that with weak RRM2 expression. These results are consistent with the data from *in vitro* capillary tube formation assays. Together, we conclude that RRM2 has a vital role in HPVE7-induced cervical cancer angiogenesis.

RRM2 mediates HPVE7-induced activation of the ERK1/2 pathway and increased expression of HIF-1*α* and VEGF
----------------------------------------------------------------------------------------------------------

The molecular mechanism by which RRM2 induces upregulation of VEGF is unknown. A previous study has indicated that HPVE7 can promote HIF-1*α* protein accumulation and VEGF expression via activation of the ERK1/2 signalling pathway ([@bib32]). Our data above suggested that RRM2 mediated HPVE7-induced upregulation of VEGF expression. We speculated that RRM2 as a downstream target for HPVE7 might also elevate HIF-1*α* and VEGF expression through the ERK1/2 pathway. To validate this hypothesis, we transfected C33A cells with a RRM2 expression vector, followed by treatment with U0126 (10 *μ*[M]{.smallcaps}), an inhibitor for MEK1 (the upstream activator of ERK1/2). Overexpression of RRM2 induced an elevated level of phosphorylated ERK1/2 accompanied with upregulation of HIF-1*α* expression and VEGF secretion, but treatment with U0126 led to a significant decrease in RRM2-induced increases of HIF-1*α* expression and VEGF secretion ([Figure 5A and B](#fig5){ref-type="fig"}). To further investigate whether RRM2 is involved in HPVE7-induced activation of ERK1/2 and increases of HIF-1*α* expression and VEGF secretion, we performed RRM2 blocking and RRM2 rescue assays. We found that upregulation of phosphorylated ERK1/2, HIF-1*α* and VEGF expression induced by HPVE7 in C33A cells was significantly abrogated by co-transfection with a RRM2 siRNA, but not by a control siRNA ([Figure 5C](#fig5){ref-type="fig"}). In contrast, downregulation of phosphorylated ERK1/2, HIF-1*α* and VEGF expression induced by HPVE7 knockdown in HeLa cells was significantly reversed by co-transfection with a RRM2 expression plasmid, but not by a control empty vector ([Figure 5D](#fig5){ref-type="fig"}). Taken together, these results suggest that RRM2, as an important target gene for HPVE7, is involved in HPVE7-induced activation of ERK1/2 and increases of HIF-1*α* and VEGF expression.

RRM2 induced activation of ERK1/2 and increases of HIF-1*α* and VEGF expression via ROS production
--------------------------------------------------------------------------------------------------

Next, we investigated the underlying mechanism by which RRM2 modulates the activation of ERK1/2 and increases HIF-1*α* and VEGF expression. Previous studies have shown that RRM2 can induce ROS production *in vitro* ([@bib40]), and ROS can activate several signalling pathways including the ERK1/2 pathway and regulate HIF-1*α* and VEGF expression ([@bib24]). We therefore speculated that ROS could be involved in the activation of ERK1/2 and enhancement of HIF-1*α* and VEGF expression in cervical cancer cells by RRM2. To test whether RRM2 could affect the intracellular ROS level in cervical cancer cells, we used the fluorogenic dye DCFHDA. Transfection of a RRM2 expression plasmid significantly increased the endogenous ROS level in C33A cells as determined by flow cytometry analysis. In contrast, the endogenous ROS level was significantly decreased in HeLa cells transfected with a RRM2 siRNA ([Figure 6A](#fig6){ref-type="fig"}). These results suggest that RRM2 can induce ROS production in cervical cancer cells. We next investigated the effect of NAC (N-acetylcysteine, 10 mmol l^−1^), a ROS scavenger, on the activation of ERK1/2 and upregulation of HIF-1*α* and VEGF that were induced by RRM2 overexpression. We found that RRM2-mediated ERK1/2 phosphorylation and enhancement of HIF-1*α* and VEGF expression were significantly attenuated by NAC, but not by the vehicle control ([Figure 6B](#fig6){ref-type="fig"}). Therefore, activation of ERK1/2 and upregulation of HIF-1*α* and VEGF by RRM2 is dependent on the generation of intracellular ROS.

RRM2 enhances growth and angiogenesis of xenograft tumours *in vivo*
--------------------------------------------------------------------

To further investigate the role of RRM2 in tumorigenesis *in vivo*, C33A cells with and without stable expression of RRM2 were inoculated subcutaneously into the flank of nude mice and tumour growth was monitored and compared. Tumours from C33A cells with overexpression of RRM2 displayed a significantly larger mass than that from cells without overexpression of RRM2 ([Figure 7A and B](#fig7){ref-type="fig"}). Quantitative RT-PCR analysis showed that expression of RRM2 and VEGF was significantly higher in the RRM2 overexpression xenografts than in xenografts without RRM2 overexpression ([Figure 7C](#fig7){ref-type="fig"}). These data showed that overexpression of RRM2 promoted tumour growth through VEGF *in vivo*. Then, we explored whether RRM2 overexpression affected the *in vivo* level of phosphorylated ERK1/2 and angiogenic potential of tumour cells. We performed immunohistochemistry on the xenograft tumours for pERK1/2 and CD31, and the number of CD31-positive vessels per tumour was counted. The tumour xenografts derived from cells with RRM2 overexpression had a significantly higher level of pERK and number of CD31 positive vessels than xenografts without RRM2 overexpression. Mean vessel counting per field was 42±6.2 for xenografts with RRM2 overexpression (*n*=5) and 22±4.8 for xenografts without RRM2 overexpression (*n*=5), and the difference was statistically significant ([Figure 7D](#fig7){ref-type="fig"}). These data suggest that the enhanced tumour growth observed in xenografts with RRM2 overexpression was at least partly due to increased angiogenesis, which increases the capacity of blood vessels to supply the tumours with nutrients and oxygen.

Discussion
==========

HPVs E6 and E7 are critically involved in the development of cervical cancer, however, the molecular regulatory mechanisms downstream of these two oncoproteins are not fully elucidated. The present study identified RRM2 as a novel downstream target regulated by HPVE7. The conclusion is supported by the following evidences: RRM2 expression was reduced by knockdown of HPVE7 and increased by overexpression of HPVE7 ([Figure 1](#fig1){ref-type="fig"}); HPVE7 can upregulate RRM2 expression and activate the RRM2 promoter ([Figure 2](#fig2){ref-type="fig"}).

The present study elucidated the detailed molecular mechanism by which HPVE7 upregulates the expression of RRM2. Luciferase assays showed that HPVE7 upregulated RRM2 expression by activating RRM2 promoter ([Figure 2](#fig2){ref-type="fig"}). Activation of the RRM2 promoter by HPVE7 requires the interaction between HPVE7 and pRB because a mutant HPVE7 with a deletion of the pRb binding motif failed to transactivate the RRM2 promoter ([Figure 2](#fig2){ref-type="fig"}). Activation of the RRM2 promoter by HPVE7 also requires the binding of E2F to the promoter region because a mutant RRM2 promoter lacking the E2F response element could not be activated by HPVE7. Moreover, in line with the results from *ex vivo* cellular studies, we found that the RRM2 expression patterns *in vivo* significantly correlated with that of HPVE7 in a series of cervical cancer samples. On the basis of these results, we propose a working model for activation of RRM2 by HPVE7. Interaction between E7 and pRb leads to the release of E2F from the pRb complex. The released E2F then binds to the RRM2 promoter region and activates the transcription of RRM2. The model is strongly supported by previous reports that HPVE7 can inactivate pRb protein function through its ubiquitination-mediated degradation, which leads to the release of E2F and activation of E2F-regulated genes ([@bib19]; [@bib14]).

In this study, we further investigated the functional consequences of RRM2 overexpression in cervical cancer. Interestingly, we found that RRM2 overexpression produces ROS, which leads to the activation of the ERK1/2 signalling pathway, increased expression of HIF-1*α* and VEGF, increased angiogenesis and eventually cervical carcinogenesis. Enhanced angiogenesis is tightly associated with the progression and metastasis of cervical cancer ([@bib20]; [@bib22]). There was significant correlation between VEGF expression levels and high-risk HPV infection in the progression of cervical cancer ([@bib4]). Previous studies have shown that RRM2 can promote tumour angiogenesis by upregulating VEGF expression in some cancer cells. Thus, we hypothesised that RRM2 might be functionally involved in the progression of cervical cancer partly via enhanced angiogenesis by increasing VEGF expression. The hypothesis was verified as we showed for the first time that RRM2 upregulated the expression of HIF-1*α*, which is an important modulator for VEGF transcription, and resulted in a significant increase in VEGF expression in cervical cancer cells. Our data from clinical samples also showed that higher RRM2 expression was correlated with higher microvessel densities in cervical cancer patients. Furthermore, xenograft studies in immunocompromised nude mice indicated that the tumours from the RRM2 overexpression group had increased VEGF expression and blood vessel formation compared with the control group. Moreover, we found that RRM2 promoted cervical cancer angiogenesis was VEGF dependent, as RRM2 stimulated *in vitro* capillary tube formation was suppressed by a VEGF neutralising antibody. Together, our findings from both *in vitro* and *in vivo* studies suggested that RRM2 might be implicated in cervical cancer development at least partly through enhancement of angiogenesis. Consistent with a previous study showing that pRb can regulate the expression of angiogenic factors, such as VEGF, through an E2F-depedent mechanism ([@bib13]), our findings provided strong evidence that RRM2, as an E2F-regulated gene, might be involved in E2F-mediated angiogenesis.

[@bib41] reported that RRM2 could modulate VEGF expression, but did not elucidate the underlying molecular mechanism . It has been recently reported that E7 from both HPV16 and HPV18 are sufficient to induce the expression of angiogenic factors ([@bib30]; [@bib1]), and that high-risk HPVE7 can enhance tumour angiogenesis by inducing HIF-1*α* protein accumulation and VEGF expression via activation of the ERK1/2 signalling pathway. We therefore hypothesised that RRM2, as a downstream target gene of HPVE7, might mediate HPVE7-induced HIF-1*α* and VEGF expression via activation of the ERK1/2 signalling pathway. Indeed, we found that RRM2 overexpression activated the ERK1/2 signalling pathway, and further showed that ERK1/2 activation was involved in RRM2-induced HIF-1*α* protein accumulation and VEGF expression in cervical cancer cells, and that these effects were abrogated by knockdown of RRM2 expression in cervical cancer cells. More importantly, our functional studies have shown that HPVE7 stimulated *in vitro* capillary tube formation and this effect was suppressed by RRM2 knockdown. In this study, we also investigated the mechanism by which RRM2 overexpression leads to the activation of the ERK1/2 pathway. Xue *et al* (2006) showed that RRM2 might induce the generation of ROS *in vitro*. ROS was implicated in the activation of the ERK1/2 pathway and can regulate HIF-1*α* and VEGF expression. Our studies showed that RRM2 overexpression increased ROS production, whereas RRM2 knockdown decreased ROS production in cervical cancer cells. Furthermore, NAC, a ROS inhibitor, prevented the effect of RRM2 on activation of the ERK1/2 pathway and upregulation of VEGF expression. These findings suggest for the first time that RRM2 can induce ROS production to activate the ERK1/2 pathway, which then promotes VEGF expression in cervical cancer cells. However, more studies are required to provide further insights into the detailed molecular mechanisms by which RRM2 induces activation of ERK1/2 via ROS.

The *RRM2* gene is located on chromosome 2p25, a region where no copy-number variations (CNVs) or other structural alterations were found in human cervical cancer samples ([@bib27]). Therefore, the expression of RRM2 may not be influenced by CNVs or structural variants. Instead, HPVE7-induced overexpression may be a novel potential mechanism for upregulation of RRM2 expression in cervical cancer. Several reports showed that RRM2 was an independent prognostic factor and could predict poor survival of some cancer types ([@bib25]). It is of interest to further investigate whether RRM2 could act as a biomarker for predicting the prognosis and survival of cervical cancer in the future. In conclusion, the results from this study demonstrate that high-risk HPVE7 upregulates expression of RRM2 at the transcriptional level; HPVE7 interacts with pRB and releases E2F, which binds to the RRM2 promoter and activates its transcription; RRM2 increases the level of intracellular ROS to promote HIF-1*α* and VEGF expression via activating the ERK1/2 signalling pathway; increased VEGF expression results in increased tumour angiogenesis and promotes cervical carcinogenesis. The results provide a new perspective that RRM2 might be a therapeutic target for developing treatments for cervical cancer.

This work was supported by the Chinese National Natural Science Foundation Grant No. 81372803, No. 81172465, No. 30700984 and No. 81070080, the National Basic Research (973) Program grants 2012CB517801 and 2013CB0531101, a Hubei Province Natural Science Key Program (2008CDA047), a Key Academic Program Leader Award of Wuhan City (200951830560), and a grant from the State Key Laboratory of Freshwater Ecology and Biotechnology (2011FB16).

This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the license terms will switch to a Creative Commons Attribution-NonCommercial-Share Alike 3.0 Unported License.

![**HPVE7 upregulates expression of RRM2.** (**A**) Western blot (left panel) and real-time RT-PCR analyses of RRM2 in HeLa cells with knockdown of E6 or E6/E7 expression. siNC, negative control siRNA; siE6, siRNA against HPV18 E6; siE7/E6, siRNA against E6 and E7; p53, positive control for siRNA against E6; *α*-tubulin, loading control for western blot analysis. GAPDH was used as an internal control for quantitative RT-PCR analysis. (**B**) Western blot (left panel) and quantitative real time RT-PCR analyses of RRM2 in CaSki cells with knockdown of E6 or E6/E7 expression. (**C**) Western blot (left panel) and quantitative real-time RT-PCR analyses of RRM2 in C33A cells with overexpression of E6 or E7. Cont, transfection with a pcDNA3.1 empty vector as control. (**D**) The expression level of RRM2 positively correlates with the level of the HPVE7 protein in human cervical cancer (upper panel). The expression levels of RRM2 and HPVE7 in 60 human primary cervical cancer specimens were measured by immunostaining with antibodies specific to RRM2 and HPVE7, and correlated. Positive correlation between RRM2 and HPVE7 levels were determined using a Pearson Chi-Square analysis (*P*\<0.01). The lower panel shows immunostaining images of two representative specimens, one with low (+/−) and the other with high (+/+) expression of RRM2 and HPVE7. H&E staining served as control. The data are shown as mean± s.d. of three separate experiments. NS, no significant difference; \**P*\<0.05; \*\**P*\<0.01.](bjc2013817f1){#fig1}

![**HPVE7 induces increased transactivation of the RRM2 promoter.** (**A**) Sequence of the human RRM2 promoter region. (**B**) MCF-7 cells were co-transfected with a RRM2 promoter luciferase reporter, an expression plasmid for either HPV-16 E7 or an HPV-18 E7 (an empty vector as control, Cont), and a Renilla luciferase plasmid as an internal control. Twenty-four hours after transfection, cells were collected and used for measuring luciferase activities. The data are shown as mean±s.d. from triplicate wells. The experiment was repeated three times. (**C**) Luciferase assays for the RRM2 promoter (black columns) and the p21 promoter (white columns) in MCF-7 cells with overexpression of HPV16 E6, HPV18 E6 or with empty vector. (**D**) Luciferase assays for the RRM2 promoter in MCF-7 cells with overexpression of wild-type HPV16 E7 or mutant HPV16 E7 (E7-MUT), which lose the ability to bind to pRb. Cont, empty vector control. (**E**) Schematic diagram of the RRM2 promoter luciferase reporter genes. WT, wild type RRM2-Luc reporter; MUT, mutant RRM2-Luc with two consensus E2F-binding sites deleted. (**F**) Luciferase assays for either the wild-type RRM2 promoter (WT) or a mutant RRM2 promoter with a deletion of the E2F-binding site (MUT) in MCF-7 cells with overexpression of HPV-16 E7. Cont, empty vector control. NS, no significant difference; \**P*\<0.05, \*\**P*\<0.01.](bjc2013817f2){#fig2}

![**RRM2 mediates HPVE7-induced VEGF expression in cervical cancer cells.** (**A**) C33A and HeLa cells were transiently transfected with a RRM2 expression plasmid. Cells with mock transfection or transfected with the pcDNA3.1 empty vector served as controls. Left panel, the level of secreted VEGF in the conditioned media derived from transfected C33A or HeLa cells was determined by ELISA. Right panel, the expression level of VEGF mRNA in transfected cells was determined by quantitative real time RT-PCR. The data are shown as mean±s.d. from triplicate wells. The experiment was repeated three times. (**B**) C33A cells were transfected with a HPV16 E7 expression plasmid, and a RRM2 siRNA or a control siRNA. Left panel, ELISA data for the level of secreted VEGF in the conditional media from transfected cells. Right panel, the expression level of VEGF mRNA was determined by quantitative real time RT-PCR. (**C**) HeLa cells were transfected with a HPV18 E7 siRNA or a control siRNA followed by co-transfection with a RRM2 expression plasmid or the control empty vector. Left panel, ELISA data for the level of secreted VEGF in the conditional media from transfected cells; right panel, quantitative real time RT-PCR data for the expression level of VEGF mRNA. NS, no significant difference; \**P*\<0.05, \*\**P*\<0.01.](bjc2013817f3){#fig3}

![**RRM2 is involved in cervical cancer angiogenesis *in vitro* and *in vivo*.** (**A**) Results from *in vitro* matrigel-based angiogenesis assays by HUVECs with conditioned media from C33A cells transfected with pcDNA-HPV18 E7 with or without RRM2 siRNA. Representative images (left panel) and mean numbers of mature tube-forming structures (right panel) at × 100 magnification. HUVECs (1 × 10^4^ cells per well) were seeded onto the surface of 96-well cell culture plates precoated with matrigel and then incubated at 37 °C for 8 h in the conditioned media derived from transfected C33A cells. The data presented are representative of three separate experiments. (**B**) Application of a VEGF antibody (400 ng ml^−1^) to neutralise VEGF in three conditioned media abrogated RRM2-enhanced capillary tube formation. (**C**) Immunohistochemical analysis of 60 cervical cancer samples stained with anti-RRM2 and anti-CD31 antibodies (left panel). Representative images of weak RRM2 expression samples (+/− *n*=24) and strong RRM2 expression samples (+/+ n=36) are shown. H&E staining served as control. Original magnification, × 100. The data on CD31-positive microvessel densities were plotted in the right panel. Microvessel densities were significantly higher in cancer samples with strong RRM2 expression than that with weak expression. Bars indicate the mean number of vessels. \*\**P*\<0.01.](bjc2013817f4){#fig4}

![**RRM2 mediates HPVE7-induced activation of the ERK1/2 signalling pathway and increases of HIF-1*α* and VEGF expression.** (**A**) RRM2-induced HIF-1*α* protein expression was abolished by inhibition of the ERK1/2 signalling pathway by U0126. C33A cells transfected with a RRM2 expression plasmid or a control empty vector were treated with 10 *μ*[M]{.smallcaps} U0126 or vehicle control for 16 h. The expression levels of phosphorylated ERK1/2 and HIF-1*α* were examined by western blot analysis. t-ERK, total ERK levels used as loading control; GAPDH, another loading control. (**B**) RRM2-induced VEGF expression was abolished by inhibition of the ERK1/2 signalling pathway by U0126. The level of secreted VEGF in the conditioned media was measured by an ELISA assay. The data presented are representative of three independent experiments. (**C**) C33A cells were transfected with pcDNA-HPV16E7, followed by co-transfection with a RRM2 siRNA (siRRM2) or a control siRNA (siNC) for another 24 h. Cell lysates were used for western blot analysis for phosphorylated ERK1/2 and HIF-1*α* protein levels. (**D**) HeLa cells were transfected with a HPV18 E7 siRNA (siE7) or a control siRNA (siNC), followed by co-transfection with pcDNA-RRM2 for another 24 h. Cell lysates were used for western blot analysis for phosphorylated ERK1/2 and HIF-1*α* protein levels. \*\**P*\<0.01.](bjc2013817f5){#fig5}

![**RRM2 elicited production of ROS to activate the ERK1/2 pathway, and enhance HIF-1*α* and VEGF expression.** (**A**) RRM2 increases generation of ROS in cervical cancer cells. C33A or HeLa cells were transfected with a RRM2 expression plasmid (empty vector as control, left panel) or a RRM2 siRNA (siNC, negative control siRNA, right panel) for 48 h. Cells were then incubated with 20 *μ*[M]{.smallcaps} DCFHDA in the dark for 30 min at 37 °C, washed in PBS, resuspended in PBS and analysed by flow cytometry. (**B**) NAC prevents RRM2 induced activation of ERK1/2 (p-ERK) and increases of HIF-1*α* and VEGF expression. C33A cells were transfected with a RRM2 expression plasmid for 24 h, followed by treatment with an indicated amount of NAC for 24h. Cells were lysed and used for western blot analysis with antibodies against pERK1/2 and HIF-1*α*. t-ERK, total ERK levels used as loading control; *α*-tubulin, loading control. The expression level of VEGF in conditioned media was measured by an ELISA assay. \**P*\<0.05.](bjc2013817f6){#fig6}

![**RRM2 overexpression promotes the growth and angiogenesis of cervical cancer xenografts in nude mice.** (**A**) C33A-RRM2 and C33A-vector cells were subcutaneously inoculated into the flank of nude mice. Thirty-two days after the inoculation, the mice were killed and tumour tissues were collected. Left panel shows photographs of the tumours. Right panel shows that overexpression of RRM2 increased the tumour size of C33A-RRM2 at the end of experiment. (**B**) Overexpression of RRM2 significantly enhanced tumour growth as compared with empty vector. The graph shows tumour growth curves in nude mice inoculated with C33A cells with overexpression of RRM2 or cells with the cloning vector. Data are presented as means ±s.d. (*n*=5). (**C**) quantitative RT-PCR analysis of RRM2 and VEGF mRNA in C33A-RRM2 and C33A-vector xenografts. Data are shown as mean±s.d. from five mice. (**D**) Representative images of tumour sections from RRM2-overexpressed cells and control cells immunostained with pERK1/2 and CD31 antibodies (left panel). The level of phosphorylated ERK1/2 was significantly higher in RRM2-overexpression tumours than in control tumours. H&E staining served as control. Right panel, CD31-positive vessel densities were significantly increased in C33A-RRM2 tumour xenografts compared with that from C33A-vector. Data are presented as mean±s.d. (*n*=5). \**P*\<0.05, \*\**P*\<0.01.](bjc2013817f7){#fig7}
